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@ A high-nitrogen ferritic heat-resisting steel comprises, In weight per cent, 0.01 - 0.30% 0, 0.02 - 0.80% Si, 
0.20 - 1.00% Mn, 8.00 - 13.00% Or, 0.50 - 3.00% W. 0.005 - 1.00% Mo, 0,05 - 0.50% V, 0.02 - 0.12% Nb and 
0.10 - 0.50% N and is controlled to include not more than 0.050% P, not more than 0.010% S and not more 
than 0.020% O, the balance being Fe and unavoidable impurities. The steel may optionally comprise (A) one or 
both of 0.01 - 1.00% Ta and 0.01 - 1.00% Hf and/or (B) one or both of 0.0005 - 0.10% 2r and 0.01 - 0.10% Ti. A 
method of producing the steel comprises melting and equilibrating the steel components in an atmosphere of a 
mixed gas of a prescribed nitrogen partial pressure or nitrogen gas and thereafter casting or solidifying the melt 
in an atmosphere controlled to have a nitrogen partial pressure of not less than 1.0 ata and a total pressure of 
not less than 4.0 ata, with the relationship between the partial pressure p and the total pressur Ft being 



10P < Pt^^^ + logio 6. 
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HIGH-NITROGEN FERRITIC HEAT-RESISTING STEEL AND METHOD OF PRODUCTION THEREOF 



BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates to a high-nitrogen ferritic heat-resisting steel, more particularly to a high-nitrogen 
ferritic heat-resisting steel containing chromium and appropriate for use in a high-temperature, high- 
pressure environment and to a method of producing the same. 

Description of the Prior Art 

Recent years have seen a marked Increase in the temperatures and pressures under which thermal 
power plant boilers are required to operate. Some plans already call for operation at 566 'C and 310 ata 
and it is expected that operation under conditions of 650 " C and 350 ata will be implemented in the future. 
These are extremely severe conditions from the viewpoint of the boiler materials used. 

At operating temperatures exceeding 550 ' C. it has, from the points of oxidation resistance and high- 
temperature strength, been necessary to switch from ferritic 2 • 1/4 Or - 1 Mo steel to high-grade austenitic 
steels such as 18-8 stainless steel. In other words, it has been necessary to adopt expensive materials 
with properties exceeding what is required. 

Decades have been spent In search of steels for filling in the gap between 2 • 1/4 Cr - 1 Mo steel and 
austenitic stainless steel. Medium Cr (e.g. 9 Cr and 12 Cr) steel boiler pipes are made of heat-resisting 
steels that were developed against this background. They achieve high-temperature strength and creep 
rupture strength on a par with austenitic steels by use of a base metal composition which includes various 
alloying elements for precipitation hardening and solution hardening. 

The creep rupture strength of a heat-resisting steel is governed by solution hardening in the case of 
short-temi aging and by precipitation hardening in the case of long-temn aging. This is because the 
solution-hardening elements initially present in solid solution in the steel for the most part precipitate as 
stable carbides such as MasCe during aging, and then when the aging is prolonged these precipitates 
coagulate and enlarge, with a resulting decrease in creep rupture strength. 

Thus, with the aim of maintaining the creep rupture strength of heat-resisting steels at a high level, a 
considerable amount of research has been done for discovering ways for avoiding the precipitation of the 
solution hardening elements and maintaining them in solid solution for as long as possible. 

For example. Japanese Patent Public Disclosures No. 63(1988)-89644. 61(1986)-231139 and 62(1987)- 
297435 disclose ferritic steels that achieve dramatically higher creep rupture strength than conventional Mo- 
containing ferritic heat-resisting steels by the use of W as a solution hardening element. 

While the solution hardening by W In these steels may be more effective than by Mo. the precipitates 
are still fundamentally carbides of the MaaCe type, so that It is not possible to avoid reduction of the creep 
rupture strength following prolonged aging. 

Moreover, the use of ferritic heat-resisting steels at up to 650 'C has been considered difficult because 
of their inferior high-temperature oxidation resistance as compared with austenitic heat-resisting steels. A 
particular problem with these steels is the pronounced degradation of high-temperature oxidation resistance 
that results from the precipitation of Cr in the form of coarse M23C6 type precipitates at the grain 
boundaries. 

^ The highest temperature for use of ferritic heat-resisting steel has therefore been considered to be 600 
C. 

The need for heat-resisting steels capable of standing up under extremely severe conditions has grown 
more acute not only because of the increasingly severe operating conditions mentioned earlier but also 
because of plans to reduce operating costs by extending the period of continuous power plant operation 
from the current 100 thousand hours up to around 150 thousand hours. 

Although ferritic heat-resisting steels are somewhat inferior to austenitic steels in high-temperature 
strength and anticorrosion property, they have a cost advantage. Furthermore, for reasons related to the 
difference in thermal expansion coefficient, among the various steam oxidation resistance properties they 
are particulariy superior in scale defoliation resistance. For these reasons, they are attracting attention as a 
boiler material. 

For the reasons set out above, however, it is clearly not possible with the currently available technology 
to develop ferritic heat-resisting steels that are capable of standing up for 150 thousand hours under 
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operating conditions ot 650 *C, 350 ata, that are low in price and that exhibit good steam oxidation 
resistance. 

Through their research the inventors developed a high-nitrogen ferritic heat-resisting steel in which W Is 
added in place of Mo as the main solution hardening element thereby increasing the high-tennperature 
5 strength, and nitrogen is forcibly added to the ferritic steel to a level of supersaturation thereby causing 
dispersed precipitation of fine nitrides and carbo-nitrides which greatly delay the formation of M23C6 
precipitates that v/ould otherwise consume large quantities of Cr acting as an oxidation resistance enhancer 
and W acting as a solution hardening agent, and found that this steel exhibits stable creep rupture strength, 
superior high-temperature oxidation resistance and superior low-temperature toughness, and is capable of 
70 being applied under conditions of 650 ** C. 350 ata and 150 thousand hours of continuous operation. 

There have been few papers published on research into high-nitrogen ferritic heat-resisting steels and 
the only known published report in this field Is Ergebnisse der Werkstoff-Forschung. Band I. Verlag 
Schweizerische Akademieder Werkstoffwissenschaften "Thubal-Kain". Zurich. 1987, 161 - 180, 

However, the research described in this report is limited to that in connection with ordinary heat- 
75 resisting steel and there is no mention of materials which can be used under such severe conditions as 650 
* C. 350 ata and 150 thousand hours continuous operation. 

SUMMARY OF THE INVENTION 

20 An object of this invention is to provide a high-nitrogen ferritic heat-resisting steel which overcomes the 
shortcomings of the conventional heat-resisting steels and particularly to provide such a steel capable of 
being used under severe operating conditions wherein the decrease in creep rupture strength following 
prolonged aging and the degradation of high-temperature oxidation resistance caused by precipitation of 
carbides are mitigated by adding nitrogen to supersaturation so as to precipitate fine nitrides and/or carbo- 

25 nitrides which delay the formation of carbides such as the M23C6 precipitates seen in conventional steels. 

Another object of the invention is to provide such a high-nitrogen ferritic heat-resisting steel imparted 
with superior high-temperature oxidation resistance and creep rupture strength by allowing nitrogen added 
to beyond the solution limit to precipitate in the form of nitrides and carbo-nitrides. 

Another object of the invention Is to provide a method of producing a high-nitrogen ferritic heat-resisting 

30 steel of the aforesaid type. 

This invention was accomplished in the light of the aforesaid knowledge and, in one aspect, pertains 
substantially to a high-nitrogen fenritic heat-resisting steel comprising, in weight per cent, 0.01.- 0.30% C, 
0,02 - 0.80% Si, 0.20 - 1.00% Mn, 8,00 - 13,00% Cr, 0.50 - 3,00% W, 0.005 - 1.00% Mo, 0.05 - 0.50% V, 
0,02 - 0.12% Nb and 0.10 - 0.50% N and being controlled to include not more than 0.050% P, not more 

35 than 0,010% S and not more than 0.020% O, and optionally comprising (A) one or both of 0.01 - 1.00% Ta 
and 0.01 - 1,00% Hf and/or (B) one or both of 0.0005 - 0.10% Zr and 0.01 - 0.10% Ti. the balance being Fe 
and unavoidable impurities. 

Another aspect of the invention pertains to a method of producing such a high-nitrogen ferritic heat- 
resisting steel wherein the steel components are melted and equilibrated in an atmosphere of a mixed gas 

40 of a prescribed nitrogen partial pressure or nitrogen gas and the resulting melt is thereafter cast or solidified 
in an atmosphere controlled to have a nitrogen partial pressure of not less than 1 .0 ata and a total pressure 
of not less than 4.0 ata. with the relationship between the partial pressure p and the total pressure Pt being 

10P< Pt°-^^ + togio 6 

45 

thereby obtaining sound Ingot free of blowholes. 

The above and other features of the present Invention will become apparent from the following 
description made with reference to the drawings. 

50 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a perspective view of an ingot and the manner in which it is to be cut. 

Figure 2 is a graph showing the relationship between the steel nitrogen content and the weight 
percentage of the total of M23CG + MeC + Cr2N + Cr2(C.N) among the precipitates in the ste I accounted 
55 for by M23C6 + MgC and the relationship between the steel nitrogen content and the weight p rcentage of 
the total of M23C5 + MeC + Cr2N + Cr2(C,N) among the precipitates In the steel accounted. for by Cr2N 
+ Cr2(C.N). 

Rgure 3 is a graph showing conditions under which blowholes occur In the ingot In t rms of the 
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relationship between the total pressure and nitrogen partial pressure of the atmosphere during casting. 

Figure 4 is a perspective view showing the manner in which creep test pieces are taken from a pipe 
specimen and a rolled plate specimen. 

Figure 5 is a graph showing the relationship between steel nitrogen content and extrapolated creep 
5 rupture strength at 650 * C, 150 thousand hours. 

Figure 6 is a graph showing an example of creep test results in terms of stress vs rupture time. 

Figure 7 is a graph showing the relationship between steel nitrogen content and Charpy impact 
absorption energy and at 0 ' C following aging at 700 * C for 10 thousand hours. 

Rgure 8 is a graph showing the relationship between steel nitrogen content and the thickness of the 
10 oxidation scale formed on the surface of a test piece after oxidation at 650 * C for 10 thousand hours. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

The reasons for the limits placed on the components of the high-nitrogen ferritic heat-resisting steel in 
75 this invention will now be explained. 

C is required for achieving strength. Adequate strength cannot be achieved at a C content of less than 
0.01%. while at a C content exceeding 0.30% the steel is strongly affected by welding heat and undergoes 
hardening which becomes a cause for low-temperature cracking. The C content range is therefore set at 
0.01 - 0.30%. 

20 Si is important for achieving oxidation resistance and is also required as a deoxidizing agent. It is 
insufficient for these purposes at a content of less than 0.02%. whereas a content exceeding 0.80% 
reduces the creep rupture strength. The Si content range is therefore set at 0.02 - 0.80% 

Mn is required for deoxidation and also for achieving strengtii. It has to be added at at least 0.20% for 
adequately exhibiting its effect. When it exceeds 1,00% it may in some cases reduce creep rupture 

25 Strength. The Mn content range is therefore set at 0.20 - 1 .00%. 

Cr is indispensable to oxidation resistance. It also contributes to increasing creep resistance by 
combining with N and finely precipitating in the base metal matrix in the form of Cr2N, Cr2(C.N) and the 
like. Its lower limit is set at 8.0% from the viewpoint of oxidation resistance, its upper limit is set at 13.0% 
for maintaining the Cr equivalent value at a low level so as to realize a martensite phase texture. 

30 W produces a marked increase in creep rupture strength by solution hardening. Its effect toward 
increasing creep rupture strength over long periods at high temperatures of 550 ' C and higher is 
particularly pronounced. Its upper limit is set at 3.00% because at contents higher than this level it 
precipitates in large quantities in the form of carbide and intermetallic compounds which sharply reduce the 
toughness of the base metal. The lower limit is set at 0.50% because it does not exhibit adequate solution 

35 hardening effect at lower levels. 

Mo increases high-temperature strength tiirough solution hardening. It does not exhibit adequate effect 
at a content of less than 0.005% and at a content higher than 1 .00% it may, when added together with W, 
cause heavy precipitation of M02C type oxides which markedly reduce base metal toughness. The Mo 
content range is therefore set at 0.005 - 1.00%. 

40 V produces a marked Increase in the high-temperature strength of the steel regardless of whether it 
forms precipitates or, like W, enters solid solution in the matrix. When it precipitates, the resulting VN 
serves as precipitation nuclei for CraN and Cr2(C,N), which has a pronounced effect toward promoting tine 
dispersion of the precipitates. It has no effect at below 0.05% and reduces toughness at higher than 0.50%. 
The V content range is therefore set at 0.05 - 0.50%. 

45 Nb increases high-temperature strength by precipitating as NbN and Nb(C,N). Also, similarly to V, it 
promotes fine precipitate dispersion by forming precipitation nuclei for Cra, Cr2(C,N) and the like. The lower 
limit at which it manifests these effects is 0.02%. Its upper limit is set at 0.12% because when present at 
higher levels it reduces strength by causing pr^ipitate coagulation and enlargement. 

N dissolves In the matrix and also forms nitride and carbo-nitride precipitates. As the form of the 

50 precipitates Is mainly Cr2N and Cr2(C.N), there is less precipitate-induced consumption of Cr and W than in 
the case of the M23C6. MgC and other such precipitates observed in conventional steels. N thus increases 
oxidation resistance and creep rupture strength. At least 0.10% is required for precipitation of nitrides and 
carbo-nitrides and suppressing precipitation of MasCe. MgC. The upper limit is set at 0.50% for preventing 
coagulation and enlargement of nitride and cart)0-nitride precipitates by the presence of excessive nitrogen. 

55 P, S and O are present in the steel according to this invention as impurities. P and S hinder the 
achievement of the purpose of tiie Invention by lowering strength, while O has the adverse effect of forming 
oxides which reduce toughness. The upper limits on these elements is therefore set at 0.050%. 0.010% and 
0.020%, respectively. 
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The basic components of the steel according to this invention (aside from Fe) are as set out above. 
Depending on the purpose to which the steel is to be put, however, it may additionally contain (A) one or 
both of 0.01 - 1.00% Ta and 0.01 - 1.00% Hf and/or (B) one or both of 0.0005 - 0.10% Zr and 0.01 - 0.10% 
Ti. 

5 At low concentrations Ta and Hf act as deoxidizing agents. At high concentrations they form fine high 

melting point nitrides and carbo-nitrides and, as such, increase toughness by decreasing the austenite grain 
size. In addition, they also reduce the degree to which Cr and W dissolve in precipitates and by this effect 
enhance the effect of supersaturation with nitrogen. Neither element exhibits any effect at less than 0.01%. 
When either is present at greater than 1.00%, it reduces toughness by causing enlargement of nitride and 

10 carbo-nitride precipitates. The content range of each of these elements is therefore set at 0.01 - 1.00%. 

Acting to govern the deoxidation equilibrium in the steel, Zr suppresses the formation of oxides by 
markedly reducing the amount of oxygen activity. In addition, its strong affinity for N promotes precipitation 
of fine nitrides and carbo-nitrides which increase creep rupture strength and high-temperature oxidation 
resistance. When present at less than 0.0005% it does not provide an adequate effect of governing the 

75 deoxidation equilibrium and when present at greater than 0.10% it results in heavy precipitation of coarse 
ZrN and ZrC which markedly reduce the toughness of the base metal. The Zr content range is therefore set 
at 0.0005 - 0.10%. 

Ti raises the effect of excess nitrogen by precipitating in the form of nitrides and carbo-nitrides. At a 
content of less than 0.01% it has no effect while at a content of over 0.10% results in precipitation of coarse 
20 nitrides and carbo-nitrides which reduce toughness. The Ti content range is therefore set at 0.01 -.0.10%. 
The aforesaid alloying components can be added individually or tn combinations. 

The object of this Invention is to provide a ferritic heat-resisting steel that is superior In creep . rupture 
strength and high-temperature oxidation resistance. Depending on the purpose of use it can be produced 
by various methods and be subjected to various types of heat treatment. These methods and treatments in 

25 no way diminish the effect of the invention. 

However, in view of the need to supersaturate the steel with nitrogen, it is necessary during casting to 
raise the pressure of the atmosphere to not less than 4.0 ata and to control the nitrogen partial pressure to 
not less than 1 .0 ata. As an auxiliary gas to be mixed with the nitrogen gas it is appropriate to use an inert 
gas such as Ar, Ne, Xe or Kr. These casting conditions were determined by the following experiment. 

30 Steel of a chemical composition aside from nitrogen as indicated in claims 1-4 was melted in an 
induction heating furnace installed in a chamber that could be pressurized up to 150 ata. A mixed gas of 
argon and nitrogen having a prescribed nitrogen partial pressure was introduced into the furnace and 
maintained at a pressure which was varied from test to test. After the nitrogen and molten metal had 
reached chemical equilibrium, the molten metal was cast into a mold that had been installed in the chamber 

35 beforehand, whereby there was obtained a 5-ton ingot. 

The ingot was cut vertically as shown in Figure 1 and the ingot 1 was visually examined for the 
presence of blowholes. 

Following this examination, a part of the ingot was placed in a furnace and maintained at 1 180 " C for 1 
hour and then forged into a plate measuring 50 mm in thickness, 750 mm in width and 4,000 mm in length. 

40 This plate was subjected to solution treatment at 1100 * C for 1 hour and to tempering at 760 ' C for 3 
hours. The steel was then chemically analyzed and the dispersion state and morphology of the nitrides and 
carbo-nitrides were investigated by observation with an optical microscope, an electron microscope. X-ray 
diffraction and electron beam diffraction, whereby the chemical structure was determined. 

Among the precipitates present within the as-heat-treated steel. Figure 2 shows how the proportion of 

45 the precipitates In the steel accounted for by M23C6 type carbides and MeC type carbides and the 
proportion thereof accounted for by CraN type nitrides and carbo-nitrides vary with nitrogen concentration. 
At a nitrogen concentration of 0.1%. nitrides and carbo-nitrides account for the majority of the precipitates 
In the steel, while at a nitrogen concentration of 0.15%. substantially 100% of the precipitates are nitrides 
and carbo-nitrides with virtually no carbides present whatsoever. Thus for the effect of this Invention to be 

50 adequately manifested It Is necessary for the nitrogen concentration of the steel to be not less than 0.1%. 

The graph of Rgure 3 shows how the state of blowhole occurrence varies depending on the relationship 
between the total and nitrogen partial pressure of the atmosphere. For achieving a nitrogen concentration of 
0.1% or higher it is necessary to use a total pressure of not less ttian 4.0 ata. Equilibrium calculation based 
on Slevert's law shows that the nitrogen partial pressure In this case Is not less than 1.0 ata 

55 Moreover, where for controlling the amount of nitride and carbo-nftrlde precipitation the nitrogen partial 
pressure p is maintained at 1.0 - 6.0 ata (nitrogen concentration within the steel of approximately 0.5 wt.%), 
it becomes necessary to vary the total pressure P| between 4.0 and about 100 ata. the actual value selected 
depending on the nitrogen partial pressure. Namely, it is necessary to use a total pressure falling above the 
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broken line 

representing the boundary pressure in Rgure 3. 

When the boundary line of Rgure 3 is determined experimentally it is found to lie at 
5 IQP = P,°-37 + togio 6 

meaning that the steel according to this invention can be obtained by selecting an atmosphere of a 
pressure and composition meeting the condition of the inequality 

10 10P < Pt°'3^ + logio 6. 



It is therefore necessary to use furnace equipment enabling pressure and atmosphere control. Without 
such equipment, it is difficult to produce the steel of the present invention. 
15 There are no limitations whatever on the melting method. Based on the chemical composition of the 
steel and cost considerations. It suffices to select from among processes using a converter, an induction 
heating furnace, an arc melting furnace or an electric furnace. 

The situation regarding refining is similar. Insofar as the atmosphere is controlled to a total pressure of 
not less than 4.0 ata and a nitrogen partial pressure of not less than 1 .0 ata. it is both possible and effective 
20 to use a ladle furnace, an electro-slag remelting furnace or a zone melting furnace. 

After casting under a pressurized atmosphere of a total pressure of not less than 4.0 ata and a nitrogen 
partial pressure of not less than 1 .0 ata, It is possible to process the steel into billet, bloom or plate by 
casting or hot rolling. Since the steel of this invention includes finely dispersed nitrides and carbo-nitrides. it 
is superior to conventional ferritic heat-resisting steels in hot-workability. This is also one reason for 
25 employing nitrides and carbo-nitrides obtained by adding nitrogen to beyond the solution limit. 

For processing the steel into products, It Is possible to first process it into round or rectangular billet 
and then form it into seamless pipe or tube by hot extrusion or any of various seamless rolling methods. 
Otherwise it can be formed into sheet by hot and cold rolling and then made into welded tube by electric 
resistance welding. Alternatively, it can be processed into welded pipe or tube by use of TIG, MIG, SAW, 
30 LASER and EB welding, individually or in combination. Moreover, it is possible to expand the size range of 
products to which the present invention can be applied by following any of the aforesaid processes by hot 
or warm stretch reduction or sizing. 

The steel according to the invention can also be provided in the form of plate or sheet. The plate or 
sheet can. in its hot-rolled state or after whatever heat treatment is found necessary, be provided as a heat- 
35 resisting material in various shapes, without any influence on the effects provided by the invention. 

The pipe. tube, plate, sheet and variously shaped heat-resisting materials referred to above can, in 
accordance with their purpose and application, be subjected to various heat treatments, and It is important 
for them to be so treated for realizing the full effect of the invention. 

While the production process ordinarily involves normalizing (solution heat treatment) + tempering, it is 
40 also possible and useful additionally to can-y out one or a combination of two or more of quenching, 
tempering and normalizing. It is also possible, without Influencing the effects of the present invention in any 
way, to repeatedly carry out one or more of the aforesaid processes to whatever degree is necessary for 
adequately bringing out the steel properties. 

The aforesaid processes can be appropriately selected and applied to the manufacture of the steel 
45 according to the invention. 

Working examples: 

The steels indicated in Tables 1 - 4, each having a composition according to one of claims 1 - 4, were 
50 separately melted in amounts of 5 tons each In an induction heating furnace provided with pressurizing 
equipment. The resulting melt was cleaned by ladle furnace processing (under bubbling with a gas of the 
same composition as the atmosphere) for reducing its impurity content, whereafter the atmosphere was 
regulated using a mixed gas of nitrogen and argon so as to satisfy the conditions of the inequality shown In 
claim 5. The melt was then cast into a mold and processed into a round billet, part of which was hot 
55 extruded to obtain a tube 60 mm in diameter and 10 mm in wall thickness and the remainder of which was 
subjected to seamless rolling to obtain a pipe 380 mm in diameter and 50 mm in wall thickness. The tube 
and pipe were subjected to a single normalization at 1 100 ' C for 1 hour and were then tempered at 760 * C 
for 3 hours. 
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In addition, a 50 ton ingot was cast and forged into a slab which was hot rolled into 25 nam and 50 mm 
thick plates. 

As shown in Figure 4. creep test pieces 6 measuring 6 mm in diameter were taken along the axial 
direction 4 of the pipe or tube 3 and along the rolling direction 5 of the plates and subjected to creep test 

5 measurement at 650 ' C. Based on the data obtained, a linearly extrapolation was made for estimating the 
creep rupture strength at 150 thousand hours. A creep rupture strength of 15-0 kg/mm^ was used as the 
creep rupture strength evaluation reference value. The creep rupture strength at 650 *C, 150 thousand 
hours is hereinafter defined as the linearly extrapoiated value at 150 thousand hours on the creep rupture 
strength vs rupture time graph. 

10 Toughness was evaluated through an accelerated evaluation test in which aging was carried out at 700 
*C for 10 thousand hours. JIS No. 4 tension test pieces were cut from the aged steel and evaluated for 
impact absorption energy. Assuming a water pressure test at 0 * C. the toughness evaluation reference 
value was set at 5.0 kgf'm. 

High-temperature oxidation resistance was evaluated by suspending a 25 mm x 25 mm x 5 mm test 

75 piece cut from the steel in 650 C atmospheric air in a furnace for 10 thousand hours and then cutting the 
test piece parallel to the direction of growth of the scale and measuring the oxidation scale thickness. 

The 650 * C. 150 thousand hour creep rupture strength, the Charpy impact absorption energy at 0 * C 
after aging at 700 ° C for 1 0 thousand hours and the oxidation scale thickness after oxidation at 650 * C for 
10 thousand hours are shown in Tables 1 to 4, respectively. 

20 For comparison, steels of compositions not falling within any of the claims 1 to 4 were melted, 
processed and tested in the same way as described above. Their chemical compositions and the evaluation 
results are shown in Table 5. 

Figure 5 shows the relationship between the nitrogen content of the steels and the extrapolated creep 
rupture strength at 650 * C, 150 thousand hours. !t will be noted that the creep rupture strength attains high 

25 values exceeding 15 kg/mm^ at a steel nitrogen content of 0.1% or higher but falls below 15 kg/mm^ and 
fails to satisfy the evaluation reference value that was set at a steel nitrogen content of less than 0.1%. 

Rgure 6 shows the results of the creep test in terms of stress vs rupture time. A good linear 
relationship can be noted between stress and rupture time at a steel nitrogen content of not less than 0.1%. 
On the other hand, when the steel nitrogen content falls below 0.1%, the relationship between stress and 

30 rupture time exhibits a pronounced decline in creep rupture strength with increasing time lapse. That is to 
say, linearity is not maintained. This is because W and the other solution hardening elements precipitate as 
carbides whose coagulation and enlargement degrades the creep rupture strength property of the base 
metal. In contrast, at a nitrogen content of 0.1% or higher, fine nitrides and carbo-nitrides are preferentially 
precipitated so that the formation of carbides is greatly delayed and since this suppresses the dissolution of 

35 the solution hardening elements Into carbides, a high creep rupture strength was maintained in the long- 
term creep test. 

Rgure 7 shows the relationship between Charpy impact absorption energy at 0 * C following aging at 
700 'C for 10 thousand hours and steel nitrogen content. When the steel nitrogen content falls within the 
range of 0.1 - 0.5%. the impact absorption energy exceeds 3.0 kgfm. In contrast, when it falls below 0.1%, 

40 there is little or no suppression of grain growth by residual high melting point nitrides during solution 
treatment and, as a result, the impact absorption energy decreases, and when it exceeds 0.5%, the impact 
absorption energy is reduced by heavy nitride precipitation. 

Figure 8 shows the relationship between the thickness of the oxidation scale formed on the surface of a 
test piece after oxidation at 650 *C for 10 thousand hours and the steel nitrogen content. Although the 

45 oxidation scale thickness is between 400 and 800 ^m when the steel nitrogen content falls below 0.1%, It 
decreases to 250 /xm or less when the steel nitrogen content is 0.1% or higher. 

Reference is now made to the comparison steels shown in Table 5. Nos. 161 and 162 are examples in 
which insufficient steel nitrogen content resulted in a low extrapolated creep rupture strength at 650 * C, 
150 thousand hours and also to poor high-temperature oxidation resistance. Nos. 163 and 164 are examples 

50 In which excessive steel nitrogen content caused heavy precipitation of coarse nitrides and carbo-nltrides, 
resulting in a Charpy impact absorption energy at 0 * C after aging at 700 * C for 10 thousand hours of not 
more than 3.0 kgfm. No. 165 is an example in which a low W concentration resulted in a low creep rupture 
strength owing to insufficient solution hardening notwithstanding that the steel nitrogen content fell within the 
range of the invention. No. 166 is an example in which heavy precipitation of coarse ZrN caused by a Zr 

56 concentration in excess of 0.1% resulted in a Charpy impact absorption energy at 0 ' C after aging at 700 
' C for 10 thousand hours of less than 3.0 kgfm. Nos. 167. 168 and 169 are examples similar to the case 
of No. 166 except that the el ments pres nt in excess were Ta, Hf and Ti, respectively. As a result, heavy 
precipitation of coarse TaN, HfN and TiN resulted in a Charpy impact absorption energy at 0 * C after aging 
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at 700 C for 10 thousand hours of less than 3.0 kgf *m. No. 170 is an example in which the nitrogen partial 
pressure was 2.2 ata and the total pressure was 2.5 ata, values not satisfying the inequality of claim 5. so 
that many large blowholes formed in the ingot, making it impossible to obtain either a sound ingot or a plate 
and leading to a reduction in both the extrapolated creep rupture strength at 650 * C, 150 thousand hours 
5 and the Charpy impact absorption energy at 0 * C after aging at 700 " C for 10 thousand hours. 
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The present invention provides a high-nitrogen ferritic heat-resisting steel exhibiting a high rupture 
strength after prolonged creep and superior high-temperature oxidation resistance and, as such, can be 
55 expected to make a major contribution to industrial progress. 
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1. A high-nitrogen fenitic heat-resisting steel comprising, in w ight per cent 
0.01 - 0.30% C. 

0.02 - 0.80% SI. 

0.20 - 1.00% Mn, 
5 8.00 - 13.00% Cr. 

0.005 - 1 .00% Mo. 

0,50 - 3.00% W. 

0.05 - 0.50% V, 

0.02 - 0.12% Nb. and 
10 0.10- 0.50% N. 

and being controlled to include 

not more than 0.050% P. 

not more than 0.010% S. and 

not more than 0.020% O. 
75 the remainder being Fe and unavoidable impurities. 

2. A high-nitrogen fen'itic heat-resisting steel comprising. In weight per cent 
0.01 - 0.30% C. 

0.02 - 0.80% SI. 
20 0.20 - 1.00% Mn. 

8,00 - 13.00% Cr, 

0.005 - 1.00% Mo. 

0.50 - 3.00% W. 

0.05 - 0,50% V. 
25 0.02 - 0.12% Nb, 

0.10 - 0.50% N. 

and one or both of 

0.01 - 1 .00% Ta and 

0.01 - 1 .00% Hf 
30 and being controlled to include 

not more than 0.050% P. 

not more than 0.010% 8. and 

not more than 0.020% O, 

the remainder being Fe and unavoidable impurities. 

35 

3. A high-nitrogen femtic heat-resisting steel comprising, in weight per cent 
0.01 - 0.30% C. 

0.02 - 0.80% Si, 

0.20 - 1 .00% Mn, 
40 8.00 - 13.00% Cr. 

0.005 - 1.00% Mo. 

0.50 - 3.00% W, 

0.05 - 0.50% V. 

0.02 - 0.12% Nb. 
45 0.10 - 0.60% N. 

and one or both of 

0.0005-0.10% Zr and 

0.01 - 0.10% Ti 

and being controlled to Include 
so not more than 0.050% P. 

not more than 0.010% S, and 

not mor than 0.020% O. 

the remainder being Fe and unavoidable impurities. 

55 4. A high-nitrogen ferritic heat-resisting steel comprising, in weight per cent 
0.01 - 0.30% C, 
0.02 - 0.80% Si. 
0.20 - 1.00% Mn. 
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8.00 - 13.00% Cr. 
0.005 - 1 .00% Mo, 
0.50 - 3.00% W, 
0.05 - 0.50% V, 
0.02 - 0.12% Nb, 
0.10-0.50% N, 
one or both of 
0.01 - 1.00% Ta and 
0.01 - 1.00% Hf 
and one or both of 
0.0005 - 0,10% Zr and 
0.01 - 0.10% Ti 

and being controlled to Include 
not more than 0.050% P, 
not more than 0.010% S, and 
not more than 0.020% O. 

the remainder being Fe and unavoidable impurities. 

A method of producing a high-nitrogen ferritic heat-resisting steel having a composition according to 
any of claims 1-4. wherein the steel is melted and equilibrated in an atmosphere of a mixed gas of a 
prescribed nitrogen partial pressure or nitrogen gas and is thereafter cast or solidified in an atmosphere 
controlled to have a nitrogen partial pressure of not less than 1 .0 ata and a total pressure of not less 
than 4.0 ata, with the relationship between the partial pressure p and the total pressure Pt being 

10P< Pt°-37 + Zogio 6 

thereby obtaining sound ingot free of blowholes. 
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FIG. I 
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FIG. 3 
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FIG. 4 
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FIG. 5 
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FIG. 7 
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FIG. 8 
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